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Introduction
The molecular machinery necessary for axon formation and elongation is present during neural development but absent in the adult nervous system (1) (2) (3) . However, injury to axons in the peripheral but not the central nervous system can reactivate intrinsic growth programs to enable nerve regeneration, and functional recovery can be achieved, provided injured axons are aligned with their former pathways and close to their targets (4) . However, proximal nerve lesions, and even more so those that involve a complete transection of the nerve, generally have a poor outcome with, in particular, minimal clinically meaningful motor recovery (5) (6) (7) . One proposed explanation for this is that the injury-induced increase in intrinsic axonal growth is too slow; as a consequence, by the time axons reach distal denervated nerves, the substrate for growth may no longer be permissive (8) , and functional restoration does not occur because axons never reach their targets (9) .
One way to accelerate growth in peripheral axons is a preconditioning nerve injury, which primes sensory neurons into an active growth state as a result of the increased expression of regeneration-associated genes (10, 11) . Preinjury of the peripheral axons of dorsal root ganglion (DRG) neurons, for example, increases neurite formation and elongation in vitro as well as the rate of sensory axon regeneration in peripheral nerves (12, 13) . Surprisingly, of the many hundreds of genes induced in sensory and motor neurons by axonal injury, only a few candidate regeneration-associated genes have been identified that increase neurite growth, Gap43, Cap23, Tubb2a, Sprr1a, Fn14, Ndel1, and Trpc4, as well as several regeneration-promoting transcription factors, Atf3, c-Jun, Stat3, and Sox11 (11) . Although these proteins individually increase axonal growth, none thus far have been shown to produce functional recovery (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI58675DS1).
The small heat shock protein 27 (Hsp27, official gene symbol Hspb1) was one of the first injury-induced genes to be identified in DRG neurons by a differential gene expression strategy (14) and is directly regulated by Atf3 (13) , which binds to its promoter (15) . Hsp27 is induced in the soma and axons of sensory and motor neurons after nerve injury (14) , and its expression in these neurons prevents apoptosis (16) . Missense mutations of Hspb1 are, in addition, linked to sensory and motor neuropathies in several variants of Charcot-Marie-Tooth disease (17) . Expression of Hsp27 in cultured adult DRG neurons enhances neurite growth (18) , making it a contributor to axonal growth, possibly as a result of its action in promoting actin polymerization (19, 20) , a key component of axonal elongation (21) . Hsp27 regulates actin polymerization in a phosphorylation-dependent manner. Dephosphorylated Hsp27 inhibits actin polymerization by functioning both as an F-actin filament capping protein (20) and as an actin monomer sequestering protein (19) . In contrast, phospho-Hsp27 stabilizes F-actin (20, 22) to facilitate actin monomer addition to growing filaments, promoting filament elongation (18, 19) . Hsp27 and phospho-Hsp27 colocalize with F-actin in lamellipodia and regulate actin dynamics and cytoskeletal remodeling through p38 MAP kinase (20, 22) , contributing to cell motility and migration (23) . Axonal growth cones use F-actin-based cylindrical protrusions, filopodia, to dynamically WGCNA and nearest neighbor analysis (NNA). After building a WGCNA network on a microarray data set using multiple models of DRG injury, Hspb1 was used as a seed, and the 30 closest neighbors were identified using TO as a measure of connection strength. (A) Heat map depicting fold changes of the top 30 Hspb1 neighbors in several experimental models of DRG injury (demarcated by the color bar at the top), compared with the average expression in naive (N) samples (dark gray): spared nerve injury (SNI) (red), chronic nerve constriction (green), and spinal nerve ligation (SNL) (blue). Sham lesions are identified in light gray. Genes are clustered by similarity, with upregulated genes in red, and downregulated genes in green. Changes are expressed in log2 scale. CCI, chronic constriction injury. (B) Visualization of the top 30 nearest neighbors to Hspb1. Two connected genes have high TO and therefore share neighbors. Green gene symbols are those known to be involved in regeneration. Top connections of Hspb1 are depicted in red. explore, sample, and respond to environmental cues (24) . The formation and dynamics of growth cone filopodia are tightly regulated by actin monomer addition at the filopodial tips, the first structures to encounter and respond to environmental information (24) .
Because of its induction by peripheral nerve lesions (14) , regulation by ATF3 that increases intrinsic growth (13) , enhancing effect on neurite growth in vitro (18) , localization in growth cones (18) , and interactions with actin (20, 22) , we decided to investigate whether Hsp27 can enhance nerve regeneration and promote functional recovery.
Results
Screening for Hspb1-associated genes. To explore the possible role of Hsp27 in regeneration within the context of the whole genome transcriptional response to injury, we performed an unbiased network analysis. Weighted gene coexpression network analysis (WGCNA) allows groups of tightly coexpressed genes to be identified across experimental conditions, effectively uncovering a structure in the transcriptome often not evident after conventional differential expression analysis (25) that can reveal transcriptional modules of functional relevance (25) . One application of WGCNA is the network neighborhood analysis (NNA) (19) , in which one or more genes are used as a seed, and the network comprising the closest neighbors (i.e., genes with the highest topological overlap (TO) with the seed; see Methods) is built through an iterative process. We applied WGCNA/NNA to a large-scale triplicate microarray DRG data set made up of naive samples and 3 peripheral nerve injury paradigms from 3 to 40 days after injury (ref. 26 and Figure 1A ).
We used Hspb1 as a seed and recursively added the top 30 nearest neighbors following network production ( Figure 1B ). Sixtythree percent of the closest neighbors identified by this unbiased method were genes directly or indirectly involved in or annotated for regeneration and growth cone dynamics, including Arg1, Atf3, C1qb, Gal, Gap43, Gfra1, Jun, Sox11, Sprr1a, and Stmn4 (Figure 1 and Supplemental Table 2 ). Furthermore, several antiapoptotic genes are also represented (23%), but relatively few of the many genes related to pain and dysregulated after DRG peripheral injury (27) are included in the list (10%) (Supplemental Table 2 ). This unbiased genome-wide analysis suggests that Hsp27 is part of a transcriptional network induced by axonal injury and highly enriched for genes involved in adaptive neuronal responses, particularly regeneration and survival, with relatively few genes responsible for neuronal activity or other cellular functions (25, 28) . mHsp25 localization. We have previously shown that Hsp27 is involved in promoting neuronal survival in the adult after nerve injury (16) , and we are now interested in defining its potential role in regeneration. Supporting such a possible role, we found that the mouse homolog of Hsp27 (mHsp25) is distributed to the growing edge of growth cones in cultured primary sensory DRG neurons, extending to the very distal tip of F-actin filaments at the barbed end, the site of new actin monomer incorporation (ref. 29 and Figure 2A) . Moreover, mHsp25 protein levels increased in the soma ( Figure 2D ) and in growth cones (Supplemental Figure 1A) after a peripheral nerve lesion that preconditions the sensory neurons to accelerate axonal growth (13) .
mHsp25 loss of function. To test whether mHsp25 is necessary in the mouse for neurite growth, we knocked down the protein using lentiviral delivery of a shRNA targeted against mHsp25 (shRNA mHsp25 ) to cultured adult DRG neurons. Neurons were transduced with either lenti-shRNA control or lenti-shRNA mHsp25 for 24 hours after dis-sociation and then grown further for 6 days. On day 7, the neuron cell bodies were separated from their neurites by trypsinization and pipetting, replated, and allowed to grow for a further 17 hours. GFP subcloned into the viral vector revealed a high transduction efficiency (81.2% ± 1.4%) ( Figure 2B ). Lenti-shRNA mHsp25 substantially reduced or eliminated mHsp25 immunostaining in the majority of neurons transduced ( Figure 2B ), indicating effective knockdown. However, the knockdown resulted in an accelerated loss of the transduced DRG neurons (Supplemental Figure 1B) , in keeping with its survival function (ref. 14 and Supplemental Figure 1B ). To overcome this, we knocked down mHsp25 in DRG neurons from Bax −/− mice, which do not undergo apoptosis (30) . The survival rate in Bax −/− DRG neurons with successful mHsp25 knockdown was identical to that in C57BL/6 neurons transduced with shRNA control (Supplemental Figure 1B) , indicating that, in Bax −/− mice, loss of mHsp25 no longer results in cell death. However, in those neurons in which mHsp25 levels were reduced by the shRNA mHsp25 , neurite growth was reduced more than 3 fold ( Figure 2 , B and C). In contrast, neurite growth in Bax −/− DRG neurons transduced with shRNA control was identical to that from C57BL/6 WT mice ( Figure 2C ).
Phosphorylation of Ser15 (1.9 fold) and Ser86 (3.7 fold) of mHsp25 occurred after sciatic nerve injury ( Figure 2D ), allowing for a second loss-of-function strategy: blocking mitogen-activated protein kinase-activated protein kinase 2 (MK2) (31) , the kinase downstream of p38 required for phosphorylation of mHsp25, and its involvement in actin polymerization (20, 22) . We found that an MK2 peptide inhibitor that reduced the phosphorylation of mHsp25 also decreased DRG neurite length in a dose-dependent manner ( Figure 2 , E and F).
Forced expression of hHsp27 increases axonal growth in vitro and in vivo in mice. To examine whether Hsp27 is sufficient to increase axonal growth, we produced 4 Tg mouse lines in which human Hsp27 (hHsp27) is expressed postnatally in neurons under control of the Thy1.2 promoter ( Figure 3A ). We used hHsp27 so that we could distinguish the transgene from the endogenous mHsp25 ( Figure 3 , B and G). Expression of the transgene was identified by an antibody against hHsp27, which did not crossreact with mHsp25 in WT littermates (LMs) (Figure 3 , B and G). High expression of hHsp27 was detected in the majority of noninjured DRG neurons in all the mouse lines ( Figure 3B ). In 2 lines, expression was restricted in the peripheral nervous system to sensory neurons (referred to herein as sensory lines), and, in 2 others, both sensory and motor neurons expressed the transgene (referred to herein as motor lines). hHsp27 was localized at the very tip of the growth cone in DRG neurons ( Figure 3 , C and D), just like endogenous mHsp25, and, in noninjured L4/ L5 DRG neurons, hHsp27 Ser78 and Ser82 were constitutively phosphorylated and became more so after sciatic nerve injury (1.8 fold) ( Figure 3E ). Noninjured Tg mice did not display any detectable difference in baseline sensory or motor function from WT mice (data not shown). We conclude that because hHsp27 is heavily expressed and phosphorylated in noninjured neurons in the Tg mice, these animals can be used to examine whether hHsp27 increases the intrinsic growth capacity of neurons.
To examine this, we prepared dissociated adult DRG cultures from hHsp27 Tg mice and their WT LMs and measured neurite length after 17 hours (Figure 3 , F-H). This early time point was chosen because it is before endogenous mHsp25 protein levels increase in response to the axonal injury inherent in the culture (14) , and it is a time when a preconditioning priming effect on neurite outgrowth is readily detectable (13) . When DRG neurons that constitutively express hHsp27 were compared within the same culture to those that do not, hHsp27 neurons showed a marked increase in neurite number and length (Figure 3 , F-H) to an extent similar to that produced by a preconditioning nerve lesion ( Figure 3I ).
To test whether axonal growth was also enhanced in vivo, we performed a sciatic nerve crush lesion and measured the extent of axonal regeneration distal to the lesion at 72 hours, using GAP-43 to immunolabel regenerating axons ( Figure 4A ) and the nerve pinch test (12, 13) (see Methods). The number of Gap-43-positive fibers 4.5-mm distal to the crush site was significantly higher in mHsp25 colocalizes with actin in growth cone filopodia, and both its knockdown and inhibition of phosphorylation reduce neurite growth. (A) High levels of mHsp25 are present in growth cones of adult DRG neurons, colocalizing with actin at the barbed end tips of filopodia (white arrowheads). Scale bar: 7.5 μm. Original magnification, ×250 (insets). (B) DRG neurons were transduced with lentiviral vectors containing a GFP reporter and either shRNA control or shRNA mHsp25 , and somata were stripped from their neurites after 7-day culture, replated, and allowed to grow for 17 hours. Knockdown of mHsp25 (GFP +ve, mHsp25 -ve; white arrows) reduced neurite length compared with that of nontransduced (GFP -ve, mHsp25 +ve; white arrowheads) neurons in the same culture or with neurons transduced with lenti-shRNA control . Scale bar: 50 μm. (C) mHsp25 knockdown reduced neurite length of DRG neurons in C57BL/6 mice (where cell death increased) and Bax −/− mice (where cell death was prevented; Supplemental Figure 1B ). (D) Total Hsp25 protein levels and phosphorylation on Ser15 and Ser86 increased in L4/5 DRGs 3 days after an ipsilateral (ipsi) SNT compared with those in contralateral (con) DRGs. Quantification of Western blots shows relative changes in mHsp25 and its 2 phosphorylation sites (fold change is relative to uninjured naive mice; mean ± SEM of triplicates; *P < 0.001, Student's t test). (E and F) A peptide MK2 inhibitor that blocks phosphorylation of mHsp25 dose dependently reduced neurite growth (mean ± SEM of triplicates; *P < 0.001, 1-way ANOVA followed with post-hoc Newman-Keuls test in C and F). CTL, control. Scale bar: 250 μm.
hHsp27 Tg mice than that in their LMs ( Figure 4B ). The distal extent of sensory axonal growth at 72 hours detected by the pinch test almost doubled in 2 independent hHsp27 Tg mouse lines compared with that in LMs (1.6 and 1.7 fold) ( Figure 4C ). Furthermore, the MK2 peptide inhibitor reduced the enhanced growth of hHsp27-expressing DRG neurons in vitro (Supplemental Figure 2 ) and the extent of sensory axonal regeneration in vivo ( Figure 4D ).
These data collectively show that mHsp25 appears to be necessary for axonal growth in adult DRG neurons and that expression of hHsp27 in noninjured sensory neurons is sufficient to prime them for accelerated axonal growth immediately after an injury.
hHsp27 enhances sensory and motor functional recovery after sciatic nerve transection. We next wished to determine whether the hHsp27 sensory Tg lines (with no hHsp27 expression in motor neurons) display accelerated recovery of peripheral cutaneous sensitivity after nerve injury. We assessed the recovery of nociceptive sensitivity in the mice by applying a pinprick to the distal skin territory of the injured sciatic nerve (lateral hind paw) at various times after the injury. After a sciatic nerve crush, WT LM mice showed some restoration of nociceptive sensitivity in the skin of the lateral paw, beginning at 10 to 12 days, a situation that was significantly accelerated in hHsp27 Tg mice (9-10 days) ( Figure 5A ). After a transection of the sciatic nerve with immediate resuture, WT LMs showed a slower (17-18 days) recovery of sensation that was also accelerated in hHsp27 Tg mice (13-15 days) ( Figure 5A ). The numbers of NF-200-positive axons in the sciatic nerve 5-to 20-mm distal to the transection injury site at 1 week were significantly higher in hHsp27 mice than in WT mice ( Figure 5 , B and C).
In the 2 Tg lines constitutively expressing hHsp27 in motor neurons ( Figure 6A ), we were able to test whether hHsp27 also increases motor recovery after axonal injury. Recovery of motor function in the toes (measured by the toe spreading reflex, a measure of plantar muscle function, and gait) after a sciatic nerve crush injury was significantly accelerated in mice that expressed the transgene in motor neurons ( Figure 6B and Supplemental Figure 3A ) but not in those lines that expressed the transgene only in sensory neurons (Supplemental Figure 3B ). Although WT LM mice did show full restoration of motor function within 21 to 26 days of a sciatic nerve crush lesion ( Figure 6B and Supplemental Figure 3B ), recovery of motor function in the paw after a sciatic transection/resuture injury was effectively almost absent in these mice, with minimal return in toe spreading over 8 weeks of observation ( Figure 6 , B-D). In WT LM mice, the foot remained clawed, immobile, and paralyzed, with significant muscle atrophy (Supplemental Figure 4A ) and contracture (Supplemental Figure 4B ). In contrast, hHsp27 motor neuron Tg mice showed a progressive improvement in motor recovery ( Figure  6 , B-D), reduced muscle atrophy (Supplemental Figure 4A ), and no contracture (Supplemental Figure 4B ). We replicated the recovery of motor function and accelerated sensory recovery in independent Tg lines (Supplemental Figure 4 , C and D).
hHsp27 increases reinnervation of the motor end plate. No difference in the size or disposition of scar at the site of transection/resuture nerve injury was found between WT and hHsp27 Tg mice (Supplemental Figure 5 ). While at 1 week we found reduced axonal growth distal to the transection lesion in WT LMs compared with that in hHsp27 mice ( Figure 5B ), reflecting accelerated growth in the hHsp27 mice, there were essentially identical numbers of axons in both the sciatic (Figure 6 , E-G) and distal tibial nerves (Figure 6H) 8 weeks after the lesion in WT LMs and hHsp27 Tg mice. This indicates that eventually axonal growth in WT mice catches up to that in the Tg mice and, in both groups of mice, regenerating axons reach distal nerves. Survival of motor neurons was also identical in hHsp27 Tg mice and WT LMs 8 weeks after the sciatic nerve transection (SNT) injury (Supplemental Figure 6A ).
In WT LMs only 20% of motor end plates in the abductor digiti minimi lateral plantar muscles were reinnervated by neurofilament positive axons after the sciatic transection/restore injury. However, the extent of reinnervation of the motor end plates in these muscles fully recovered at 8 weeks to uninjured levels in the hHsp27 Tg mice ( Figure 7A ), and this was replicated in an independent Tg motor line ( Figure 7B ). In spite of the failure of motor end plate reinnervation in WT LM mice, many axons were present within muscle nerve fascicles, in keeping with the normal axon counts in the distal tibial nerve ( Figure 6H ), and these were choline acetyltransferase positive (Supplemental Figure 7 ). These axons approached but either did not enter the motor end plate or only had minimal branching within it and did not form synaptophysin-labeled presynaptic terminals (Figure 7B) . In contrast, the axonal innervation pattern of the end plate in hHsp27 Tg mice 8 weeks after the transection/resuture injury looked effectively identical to those in noninjured mice, including normal neurofilament and synaptophysin label in the end plate ( Figure 7 ). In both the WT LMs and hHsp27 Tg mice S100-positive terminal Schwann cells were present within the end plate (Supplemental Figure 8) .
A critical period for motor functional recovery in mice and humans after nerve injury. An analysis of our whole data set revealed that recovery of function the plantar muscles in individual mice plateaued at around 35 days, with minimal further recovery beyond this ( Figure  8A ). This suggested to us that there may be a limited time window when regenerating axons can reestablish contact with denervat- ed end plates and that the slow regeneration in WT mice after a transection/resuture injury might be responsible for the failure to restore neuromuscular junctions (NMJs). We hypothesized that by the time WT motor axons eventually arrive at the motor end plate after a transection it may no longer be permissive for reinnervation. To test this possibility, we performed repeated sciatic nerve crushes in WT mice to prevent axons from reaching the muscle for 2 different periods ( Figure 8B ). Sciatic nerves were crushed 4 times at 2-day intervals (short denervation period, preventing reinnervation for 16 days) and at 9-day intervals (long denervation period, preventing reinnervation for 37 days) in C57BL/6 mice. Motor function (toe spreading) recovered completely in the repeated short-but not long-term crush mice ( Figure 8B ), which indicates that reinnervation of the target motor end plate in plantar muscles before 5 weeks ( Figure 8A ) appears essential for functional recovery in the mice. In stark contrast, an equivalent degree of sensory recovery occurred in both of the repeated crush groups. We conclude that while sensory recovery can occur after a prolonged sensory denervation, there may be a critical period after denervation when the motor end plate remains permissive for the reformation of the presynaptic terminal ( Figure 8A ), after which reinnervation is either limited or absent.
In an attempt to assess whether these findings reflect what happens in humans after peripheral nerve injury, we examined sensory and motor recovery in a group of patients operated for entrapment neuropathy due to carpal tunnel syndrome (CTS) (n = 136) or cubital tunnel syndrome (CuTS) (n = 20). All patients with CTS recovered sensation, based on questionnaires, and all patients with CuTS who lacked distal sensory or motor function at the time of surgery regained a degree of sensation after the surgical decompression, as evaluated by mechanical threshold (Figure 8C ). However, motor recovery measured by compound muscle action potentials and manual muscle testing was generally poor and, in some patients, absent ( Figure 8D ). Interestingly, for both the patients with CTS and CuTS with complete denervation of target muscle, the shorter the period from onset of symptoms to surgery, the greater the degree of motor recovery ( Figure 8E ), supporting the possibility of a limited time period when functional NMJs can be restored sufficiently to recover function. Nevertheless, the window for motor recovery appears to be much longer in humans than in mice. These clinical data suggest that while regeneration in sensory axons can, after even prolonged nerve damage, restore skin sensation, motor function fails to be reestablished to a similar extent in most patients. 
Discussion
Neural regeneration requires detection of axonal injury by retrograde signaling from the injured site to the cell body in order to induce those genes whose activity is necessary for the initiation, formation, elongation, and guidance of growing axons as well as reformation of specialized contacts with targets. Most growth-associated proteins are induced in the soma and transported orthogradely to the growth cone, but several transcripts are also translated locally in the axon, including Hsp27 (32) . Some growth-associated proteins constitute the actual cytoskeletal molecular machinery necessary for extension of growth cones (31, 33) while others enable growth cones to interact with guidance cues in the environment to regulate the rate and direction of growth (34) and may also detect growth inhibitory cues.
While axonal growth after nerve injury in the adult may recapitulate some of the processes used during the development of the nervous system, they are not mechanistically identical (35) . Unlike mammalian CNS neurons, primary sensory and motor neurons can regenerate after axonal injury in the adult, and this provides an opportunity for identifying which injury-induced genes are necessary and the nature of permissive growth environments. These neurons can be primed into an active growth state by a preconditioning peripheral nerve lesion (10, 36) , after which the rate and extent of axon formation is greatly increased as a result of induction by the preinjury of the proteins required for growth. Our data now suggest that Hsp27 plays a major role in enabling axons to grow and in the conditioning effect.
Hsp27 was identified by its capacity to promote survival in heatstressed cells (37) . In addition to a classic chaperone function, which contributes to its actions after heat shock, Hsp27 interacts with proapoptotic proteins to reduce apoptosis (38) , a function it also subserves in injured adult sensory and motor neurons (16) . Hsp27 regulates actin dynamics and contributes thereby to cell motility, migration, contraction (19, 22) , and, as we now show, axonal elongation. This actin-interacting role involves Hsp27 cycling from its dephosphorylated to its phosphorylated form through p38 MAPK (19) , for which Hsp27 is a major substrate (20) , and our data indicate that inhibition of MK2 is sufficient to block the growth-promoting effects of Hsp27 in vitro and in vivo.
mHsp25 is induced in injured sensory neurons, and its phosphorylated form is present at the tip of filopodia, the sole site of actin monomer addition in growth cones. Therefore, Hsp27 is well positioned anatomically to regulate filopodial cytoskeletal dynamics and facilitate growth cone locomotion during regeneration. We demonstrate that forced expression of hHsp27 in uninjured mouse neurons increased intrinsic axonal growth and that it may also be required for such growth as indicated from mHsp25 knockdown. Our data point to a pivotal role for Hsp27 in increasing the intrinsic growth of injured sensory neurons and show that its expression accelerates the rate of functional reinnervation of injured sensory neurons in damaged peripheral nerves.
Peripheral nerve injury results in a massive alteration in transcription (11) mediated by activation of several transcription factors, Atf3, c-Jun, Stat3, and Sox11, all of which increase regeneration (13, (39) (40) (41) . These genes also contribute to overcoming the metabolic stress of the axonal injury, promote cell survival by inhibiting apoptosis, and alter membrane excitability and synaptic transmission as well as promoting axon regrowth (13, 39, 42) . What is not clear, though, is whether these functional changes are independently regulated. We found that the genes most highly coassociated with the regulation of Hsp27 are highly enriched for growth and antiapoptotic functions, with few candidate neuropathic pain genes, suggesting that the genes upregulated or downregulated after nerve injury are linked into functionally coherent modules or networks.
Increasing the intrinsic growth status of injured neurons, although necessary for successful regeneration is not by itself sufficient. Neurons also need a permissive growth environment, such as that provided in peripheral nerves by Schwann cells and laminin (4). However, permissive growth environments also are by themselves not adequate for regeneration, because most unprimed neurons do not have enough intrinsic growth capacity to drive full regeneration (43, 44) . Furthermore, if distal nerve segments lose Schwann cells, as occurs after chronic denervation of distal nerves for many months, this provides limited support for axonal growth, and regeneration is reduced or halted (45) (46) (47) . The extent of motor recovery in the rat reduces over time after chronic denervation, and early nerve repair is required for muscle strength to return (8) . Although this finding aligns with our data, it was assumed to be the effect of decreased axonal regeneration in the nerve distal stump due to Schwann cell atrophy after prolonged denervation (8, 47) , while our data from the plantar muscles of the mouse points to another more specific defect, failure of reinnervation of the motor end plate.
Recovery after injury of peripheral nerves in humans is more limited than in rodents, because the distance to the target is longer and the intrinsic axonal growth rate is slower (48) . Major factors recognized as influencing the outcome of peripheral nerve repair are the degree of injury, the age of the patient, type of nerve, level of injury, and the timing of repair, the last of which is particularly related to our findings. Proximal injuries, such as brachial plexus injuries, show only very limited motor recovery for wrist and finger flexors and none for intrinsic muscles (5, 49) . Delay in surgery of over 6 months significantly reduces the extent of motor recovery, and it is considered clinically fruitless to expect motor recovery if an operation is delayed for more than a year (50) . However, sensation commonly recovers even though the quality may be defective, pointing to a clear difference in functional sensory and motor recovery. Ninety percent of patients with brachial plexus injury, for example, recover protective sensation in their fingers in the absence of any meaningful recovery in thenar muscles (49) . This agrees well with our data, showing substantial sensory but only minimal motor recovery after a SNT injury. We show, in addition, data suggestive of a critical period of 10 to 12 months in patients for recovery of motor function after denervation, while in the mouse we found the cut off for plantar muscles to be 4-6 weeks. Several mechanisms could potentially be responsible for the failure of reinnervation of the motor end plate that we found for plantar muscles in mice after a critical period of 5 to 6 weeks (Figure 7 and Figure 8A ). The first could be a loss or reduction in the intrinsic growth capacity of injured motor neurons over time, such that growth of their axonal tip ceases before they reach the end plate. This seems unlikely, however, since motor neurons appear to be capable of axonal elongation even after prolonged periods of time, provided the milieu is permissive (46, 51, 52 ). In addition, we found that motor axons after a transection injury in (H) There were fewer neurofilament +ve axons in the gastrocnemius branch of tibial nerve on the ipsilateral side relative to those on the contralateral side, but this was not significantly different between groups (n = 5 per group; *P < 0.001, 1-way ANOVA followed with posthoc Newman-Keuls test). Scale bar: 20 μm.
WT mice eventually do grow in locations immediately adjacent to the end plate, so that they only would need a few microns of additional growth to complete the reinnervation. Furthermore, we found that sensory axons are capable of reinnervating even the most distal skin areas. Another possibility is that Schwann cells in denervated motor nerves become nonpermissive or even repellent to axon growth over time (47) so that regenerating axons halt when they reach such denervated nerves (53) (54) (55) . Because we found many axons in the most distal muscle nerves in WT mice after a sciatic transection, we think this is unlikely at the time window we are looking at (~8 weeks); the nerves appear to be fully permissive for axonal regeneration, although they may certainly become less permissive at longer periods of denervation (9, 46) . Our hypothesis is that the terminal Schwann cell in the end plate may become nonpermissive for axonal growth after prolonged denervation. Soon after denervation, these specialized cells, which are normally in contact with the axon up to the synaptic cleft, dedifferentiate and elaborate processes that spread away from the synaptic zone (56) and then fully recover to the uninjured phenotype after reinnervation after crush injuries (57) . The terminal Schwann cell processes extending from denervated end plates act as substrates for axonal growth, assisting both reinnervation and collateral sprouting (58) . However, the number and phenotype of terminal Schwann cell can decrease with prolonged denervation (59) . A lack of terminal Schwann cells, their processes, or of the trophic and guidance molecules they express, such as TGF-β, agrin, or CNTF (58, 60) , may contribute to reduced reinnervation. Because we found terminal Schwann cells still present in the end plate in WT mice with no reinnervation, we concluded that the failure of regrowth is not due to a simple loss of these cells at this duration of denervation. Terminal Schwann cells may begin to produce growth inhibitory molecules like Sema 3A or chondroitin sulfate proteoglycan (61, 62) , which could block axonal growth into this site. Finally, it is well know from developmental studies that the formation of a functional synapse at the NMJ depends on a fine orchestration of signaling pathways between the nerve and the muscle. Regenerating nerve terminals may require a positive trophic signal, such as FGF, GDNF, β 1 integrin, or synaptic collagens (63) , from the muscle to complete formation of the end plate, and this may diminish with denervation over extended periods of time. Future experiments are required to tease out why motor axons do not reestablish synaptic contact with muscles after a critical period of denervation.
We conclude that accelerating axonal growth by overexpressing a single gene that increases actin polymerization in growth cones can increase the rate of sensory recovery and substantially restore motor function after a complete transection/resuture of a peripheral nerve. This finding contrasts with the situation in WT mice, in which there is little return of motor function in plantar muscles after this injury, even though their slowly growing motor axons eventually reach within a few microns of the motor end plate. Surprisingly, failure of successful regeneration in this model is not due, therefore, to an absence of distal axonal growth or to the finding by axons of pathways in the distal nerve, as previously assumed (9) , but rather to the failure of formation of the presynaptic component of the NMJ. Success in recovery of motor function may occur in the hHsp27 mice, because the motor axons reach the motor end plate before this structure becomes nonpermissive for reinnervation. The molecular determinants, in muscle or nerve, responsible for preventing synapse reformation after prolonged denervation need to be established as well as whether limited permissive periods for reinnervation are restricted to these peripheral synapses. Nevertheless, based on our mouse data and clinical observations, we
Figure 8
Timing is crucial for functional motor recovery in mice and humans after nerve injury. (A) Cumulative percentage of animals (WT and Tg) with functional recovery after SNT/resuture. Functional recovery was defined as the first day the mice exhibited a positive response in pinprick (sensory response, n = 14-21 per group from 2 sensory lines) or toe spreading tests (motor response, n = 13-26 per group from 2 motor lines). (B) When the sciatic nerve was crushed 4 times with a 2-day interval (16 days of denervation), mice showed a full recovery in the toe spreading reflex. In contrast, when the crushes were performed 4 times with a 9-day interval (37 days of denervation), recovery was markedly reduced (n = 9 per group; *P < 0.0001, 1-way ANOVA with post-hoc Newman-Keuls test). (C) Sensory recovery in patients with CuTS. White circles represent the preoperative, and black represent the postoperative, mechanical threshold on the distal phalanx of the little finger. The dash lines represent the border between loss of protective sensation (I), diminished protective sensation (II), and diminished light touch (III) (n = 20; *P = 0.0012, Student's t test). (D) Relationship between duration of symptoms and motor recovery in patients with CuTS. A value of 5 on the y axis represents normal muscle strength, and a value of 0 on the y axis represents complete denervation (n = 20; *P = 0.000029, Student's t test). (E) Comparison of duration from onset to surgery in patients operated with complete target muscle denervation in CuTS (n = 20) and CTS (n = 136) (*P < 0.05; **P < 0.0001, Student's t test).
suggest that strategies that increase the rate of intrinsic growth in motor neurons may enhance functional recovery in patients after peripheral nerve damage.
Methods
Surgery. Animal care was in full accordance with the IACUC guidelines of Children's Hospital Boston. All surgical experiments were performed under 2.5% isoflurane on adult male mice (8 to 12 weeks old). SNT was performed by exposing the left sciatic nerve at mid-thigh level, ligating with 6-0 suture, and transecting distal to the ligature. For sciatic nerve crush injury, the sciatic nerve was crushed with smooth forceps for 15 seconds, and the site of crush was marked with a 10-0 epineural suture (Ethilon). Sciatic nerve anastomosis (resuture) was performed at the level of external rotator muscles, just distal to the sciatic notch. The exposed nerve was transected using ophthalmic microscissors (FST). Two epineural sutures were immediately made after the transection under the light microscope (Leica, M50) with 10-0 nylon sutures (Supplemental Figure 9A ). After injury, wound was sutured in layers, and the mice were allowed to recover on heated pads. The surgeon who performed the transection/resuture surgery was blinded to the genotype.
Microarray analysis. RNA extraction and chip hybridization were carried out as described previously (11) . Spared nerve injury, chronic constriction injury, and spinal nerve ligation injury were each carried out on 3 separate groups of rats. L4 and L5 DRGs ipsilateral to the nerve injury were dissected. Each cRNA probe was prepared using pooled tissues from 5 rats; for each time point, 3 biologically independent hybridizations were performed. The microarray data were deposited in Gene Expression Omnibus (accession GSE30691; http:// www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE30691).
A WGCNA was performed as described previously (25, 64) . Briefly, after selecting the genes called present in at least 5 samples, the absolute Pearson correlations between one gene and every other gene were computed, weighted, and used to determine the TO, a measure of connection strength or neighborhood sharing. A pair of nodes in a network is said to have high TO if they are both strongly connected to the same group of nodes. Genes with high TO have been found to have an increased chance of being part of the same tissue, cell type, or biological pathway. Genes were clustered based on TO, and groups of highly interconnected genes (modules) were identified. NNA (19) provides a set neighborhood of an initial set of nodes. The top 30 nearest neighbors were added to the chosen seed (Hspb1; Affymetrix probe, rc_AI176658_s_at) using TO as a measure of connection strength.
Primary dissociated DRG cultures. Dissociated DRG cultures were prepared from adult male mice (12 to 14 weeks old) as described previously (14) . For preconditioning DRG cultures, 1 week after SNT, L4 and L5 DRGs, supplying the sciatic nerve, from the ipsilateral and contralateral side of the injury in C57BL/6 mice, were collected separately. DRGs were cultured for 17 hours, fixed, immunostained, and analyzed. Data were obtained from at least 3 separate experiments repeated in duplicate.
Growth cone imaging. DRG cultures were fixed with PHEM (60 mM Pipes, 25 mM HEPES, 10 mM EGTA, 8 mM MgSO4, pH 7.0) and immunostained for anti-tyrosinated α-tubulin (1:2,500; Millipore), Alexa Fluor 594-conjugated anti-phalloidin (1:250; Molecular Probes), anti-hHsp27 (1:500; Stressgen), anti-phospho-hHsp27-S82 (1:250; Stressgen), or anti-mHsp25 (1:200; Stressgen). Images were collected using a ×60 objective on a Deltavision deconvolution microscope (Applied Precision). Raw images were processed by 2 rounds of deconvolution. Deconvolved images were flattened using quick projection. Chromatic aberration was corrected manually using Photoshop.
Lentiviral production and infection. Mission control plasmid containing either shRNA sequences to Hspb1 (mHsp25, SH1911) or a shRNA control vector (SHC001) containing a nonspecific shRNA were purchased from Sigma-Aldrich. GFP was subcloned into the pLK0.1-puro. Plasmid CSCGW2 was cut with Nhe1 and Kpn1 to obtain the EGFP fragment, which was then subcloned into pLK0.1-puro cut with Spe1 and Kpn1, ablating the Spe1/Nhe1 site. Viral particles were produced as previously described (65) . 4.5 × 10 4 tu/ml shRNA control or shRNA mHsp25 was mixed with 7 μg/ml polybrene for 5 minutes prior to use. One hour after plating, the mixture (shRNA plus polybrene) was added to the DRG cultures and incubated for 24 hours. On the next day, an equal amount of fresh medium (1:1) was added to each well. The media were then changed every 3 days. One week after infection, DRG cultures were trypsinated (0.25%) and replated. The DRG cultures were fixed with 4% paraformaldehyde 17 hours after replating. Fixed cells were immunostained for anti-GFP (1:500; Chemicon) and anti-mHsp25 (1:200; Stressgen). Infection efficiency (81.2% ± 1.4%) was assessed by counting GFP-and mHsp25-positive neurons in 8 randomly selected microscope fields per well from the shRNA control -infected cultures in 3 separated experiments. Measurements were made blinded to treatment.
Bax −/− mice. Bax −/− male mice on a C57BL/6 background (66) were obtained from The Jackson Laboratory. These animals have been backcrossed to the C57BL/6 at least 25 times, making this strain congenic.
Generation of hHsp27 Tg mice. A hHsp27 coding sequence (750 bp) was subcloned into the Xho I site of the Thy1.2 expression cassette (67) . The Thy1.2 expression cassette was provided by Pico Caroni (Friedrich Miescher Institute, Basel, Switzerland). After EcoRI-PvuI digestion, the hHsp27 transgene and expression construct were microinjected into fertilized B6C3F1 mouse oocytes to produce Tg mouse lines. Tg mice were identified by PCR of genomic DNA. Two pairs of primers were used. PCR1-forward 5′-ACGAGCATG-GCTACATCTCC-3′ and PCR1-reverse 5′CGGGCTAAGGCTTTACTTGG-3′ were located within the hHsp27 transgene. PCR2-forward 5′-GTCCCTGGAT-GTCAACCACT-3′ and PCR2-reverse 5′GGGTTCCTTAGGAGGGACAA-3′ include both transgene and Thy1.2 promoter sequences (see Figure 3A ). Founder mice with the hHsp27 transgene were crossbred with C57BL/6 mice to establish Tg lines. F7-F9 generations of offspring were used. The Tg mice were fertile and viable and did not show any abnormal phenotype.
Neurite outgrowth assay. MK2 inhibitor peptide (WLRRIKAWLRRIKALN-RQLGVAA) was synthesized at the Massachusetts General Hospital Peptide Core Facility. 1,500 cells were plated per well (the MK2 inhibitor was added to the cultures), which were allowed to grow for 17 hours, and fixed with 4% paraformaldehyde. Fixed cells were immunostained with anti-β-tubulin III (1:800; Sigma-Aldrich), anti-mHsp25 S15 (1:300; Stressgen), and/or anti-hHsp27 (1:500; Stressgen) accordingly and then with Alexa Fluor 488-or Alexa Fluor 594-conjugated secondary antibody (1:500; Molecular Probes). The longest neurite per neuron was measured using ImageJ software (http://rsbweb.nih.gov/ij/). Data were from 3 separate experiments using 2 eight-well chambers for each experiment. At least 800 cells per well were analyzed, blinded to treatment or genotype.
DRG cell survival assay. Adult DRG cultures from C57BL/6 and Bax -/mice were prepared and treated with lentivirus shRNA control or shRNA mHsp25 (as described above). Cells with intact neurites and round phase-bright cell bodies were counted as surviving neurons in two 25-mm 2 grid areas in each well. At least 500 cells were counted in each 25-mm 2 grid area. Baseline counts (day 0) were obtained after 2 hours in culture, and cells in the same area were counted everyday from day 1 to 9. Neurons were replaced with fresh NB medium every 3 days. Data were from 2 separate experiments repeated in triplicate.
Western blots. Three days after SNT, L4/L5 DRGs ipsilateral or contralateral side to the injury were pooled (n = 3 per group). Uninjured ventral horns (n = 3 per group) and ventral roots (n = 3 per group) were dissected from hHsp27 sensory and motor lines for total hHsp27 quantification. Tissues were sonicated in lysis buffer, and protein concentration was determined. 10 μg of protein was loaded in each lane, resolved on 4%-12% SDS poly-acrylamide gradient gels (Invitrogen), and transferred onto a 0.2-μm PVDF membrane (Bio-Rad). The membrane was blotted with 5% non-fat milk and incubated with anti-phospho-mHsp25-S15 (1:1,000; Stressgen), anti-phospho-mHsp25-S86 (1:1,000; Abcam), anti-phospho-hHsp27-S78 (1:1,000; Upstate), anti-phospho-hHsp27-S82 (1:1,000; Upstate), and GAPDH (1:3,000; Santa Cruz Biotechnology Inc.) overnight at 4°C, washed, and incubated with HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (Pierce). Immunoreactive bands were visualized by the SuperSignal West Femto Maximum Sensitivity Substrate Kit (Pierce). Membranes were stripped and reblotted with anti-hHsp27 (1:1,000; Stressgen) or anti-mHsp25 (1:5,000; Stressgen) for total Hsp. Quantification of band intensity was performed by ImageJ software (http://rsbweb.nih.gov/ij/). The intensity of the total mHsp25 band was normalized to GAPDH; serine-phosphorylated forms of mHsp25/hHsp27 bands were first normalized to total mHsp25/ hHsp27 and then to GAPDH. Experiments were repeated in triplicates.
Immunohistochemistry. hHsp27 Tg or LM mice were perfused with 4% paraformaldehyde, and L4/L5 DRGs, spinal cord, and sciatic nerve were dissected, postfixed, cryoprotected, and frozen in OCT (Tissue-Tek). Ten-μmthick cryosections were blocked with 0.5% bovine albumin (Sigma-Aldrich)/1% blocking reagent (Roche)/0.1%Triton X-100 in PBS and then incubated with anti-hHsp27 (1:500; Stressgen) overnight at 4°C. After 3 washes, sections were incubated with Alexa Fluor 488 anti-rabbit (1:500; Molecular Probe). Ten-μmthick longitudinal and four-μm-thick transverse sections of sciatic nerves were immunostained with anti-NF-200 (1:1,500; Millipore) for neurofilament.
Sciatic nerve pinch test. Three days after sciatic nerve crush, anesthesia was induced with 2.5% isoflurane, and the left sciatic nerve was exposed. Then, under light anesthesia (1% isoflurane), starting distally, a series of pinches using a fine smooth forceps was delivered to the sciatic nerve moving proximally toward the injury site. The distance (mm) was recorded from the injury site to the most distal point on the nerve in which the mouse produced a reflex withdrawal when pinched. All measurements were done blinded to genotypes. To quantify the Gap-43 (1:1,000, Chemicon) immunopositive fibers; sciatic nerves were cut longitudinally into 12-μm serial sections. The mean number of Gap-43 immunoreactive fibers per section was determined 4.5 mm beyond the injury site in 3 to 5 sections (at least 36 μm apart) per animal. At least 3 animals from each genotype were used to determine the mean number of fibers per section.
MK2 peptide inhibitor was dissolved in saline. Approximately 1 μl of 10 μM MK2 inhibitor or saline as control was injected into the distal part of the sciatic nerve using a microinjector (Narushige) before the nerve crushed. Then pinch test was performed 32 hours after sciatic nerve crush. Scoring was done blinded to the genotype.
Axon quantification. For the 1-week transection/resuture time point, the sciatic nerve was dissected from 5-mm proximal to the suture site to the level of the flexor retinaculum in the ankle. The nerve was divided into 5-mm segments, and the number of axons in the proximal 5-mm segment and in the distal 5-, 15-, and 20-mm segments were quantified. For the 8-week transection/resuture time point, the sciatic nerve was exposed and harvested from 5-mm proximal to the suture site to the nerve trifurcation. The number of axons 5-mm proximal and 10-mm distal to the suture site was quantified. For the distal nerve segment, the number of axons in a branch of the tibial nerve within the gastrocnemius muscle just proximal to the muscle-tendineus junction was quantified. Three random pictures were taken from each 4-μm-thick transverse section of sciatic nerve segment immunostained with anti-NF-200. The total number of axons was quantified by using ImageJ software (http://rsbweb.nih.gov/ij/). Animal behavior. All behavioral experiments described below were conducted in a blinded fashion in a quiet room (temperature 22°C ± 1°C) from 9 AM to 6 PM. The surgeon who performed the transection/resuture surgery and the behavioral observers were not the same person.
Assessment of sensory recovery using a pinprick assay. Mice (7 to 9 weeks old) were placed on wire mesh cages, habituated for 3 sessions the week before surgery (sciatic nerve crush or transection/resuture), and tested on postoperative days accordingly. After a 30-minute habituation period, an Austerlitz insect pin (size 000) (FST) was gently applied to the plantar surface of the paw without moving the paw or penetrating the skin. The most lateral part of the plantar surface of the hind paw (sensory field of the sciatic nerve) was divided into 5 areas (see Figure 5A ). The pinprick was applied (twice) from the most lateral toe (area E) to the heel (area A). A response was considered positive when the animal briskly removed its paw, and the mouse was graded 1 for this area, and then tested for the next one. If none of the applications elicited a positive response, the overall grade was 0. In that case, the saphenous territory of the same paw was tested as a positive control, which always elicited a positive response. Scoring was done blinded to the genotype.
Toe spreading motor test. To assess motor recovery after nerve injury (sciatic nerve crush or transection/resuture), the movement of the toes was evaluated. A recent study showed that the toe spreading motor test is more sensitive than analysis of gait to detect return of motor function after sciatic nerve injury (68) . Mice were gently covered with a piece of cloth and lifted by the tail, uncovering the hind paws for clear observation. Under this condition, the digits spread, maximizing the space between them (the toe spreading reflex). The reappearance of this reflex results from reinnervation of the small muscles of the foot and was scored as previously described, with modifications (69): 0, no spreading; 1, intermediate spreading with all toes; and 2, full spreading (Supplemental Figure 9B) . Full spreading was defined as a complete, wide, and sustained (at least 2 seconds) spreading of the toes. Mice were scored when a full response was observed on the contralateral side to the injury. Mice were evaluated twice in each experimental session with at least a 45-minute interval. In addition, 55 days after transection/resuture of the sciatic nerve, the number of toes that the mice could actively spread (single toe score) was assessed. This parameter was graded from 0 (no active spreading of any toes) to 4 (active spreading of all toes; i.e., 4 spaces between the toes). Scoring was done blinded to the genotype.
Scar formation analysis. Ten-μm-thick longitudinal section of sciatic nerve was stained with picrosirius red as described previously (70, 71) . Briefly, cryosections were rehydrated for 2 minutes in Milli-Q water, placed in 0.2% polyphosphomolybic acid for 5 minutes, and then washed in Milli-Q water for 3 times. The sections were stained with picrosirius red for 1 hour, rinsed in Milli-Q water, and followed by 0.01% hydrochloric acid for 5 minutes. Sections were rinsed again in Milli-Q water before dehydrated in graded ethanol (50%-100%) and were finally rinsed in CitriSolv (Fisher) 3 times. Sections were mounted using Eukih mounting medium (Fluka), coverslipped, and allowed to dry. Images were taken under dark-field microscopy.
Motor neuron counts. Serial spinal cord cross-sections were stained with cresyl violet to measure motor neuron survival over a 2-mm segment of the spinal cord centered on spinal level L4-L5. Criteria used to identify motor neuron profiles were the appearance of Nissl substance, a euchromatic nucleus, and cells with a diameter of at least 12.5 μm, and the ventral horn was defined as the area below (i.e., ventral) a horizontal line drawn at the level of the central canal (72) . Motor neurons in the ipsilateral and contralateral ventral horn were counted at 100-μm intervals in the spinal cords of hHsp27 Tg and LM control mice 55 days after SNT/resuture. Motor neuron survival was measured as a percentage of the number of neurons in the ipsilateral spinal cord relative to the number in the contralateral ventral horn of the same section. Quantification was done blinded to the genotype. NMJ analysis. Mice were perfused with 4% paraformaldehyde, and the abductor digiti minimi muscle (lateral part of plantar muscles) was dissected and weighed on day 55 after SNT/resuture, postfixed, cryopro-tected, and frozen in OCT (Tissue-Tek). 20-μm-thick cryosections were immunostained with anti-α-bungarotoxin (1:1,000; Molecular Probes) and anti-NF-200 (1:1,500; Millipore) or anti-synaptophysin (1:20; Abcam). Reinnervation was quantified using a ×40 objective for overlapping neurofilament and α-bungarotoxin immunoreactivity, and 3 categories could be identified: innervated, fully innervated; intermediate, partially innervated; denervated, no innervation (see Supplemental Figure 6B ). Every fourth section was analyzed, and at least 600 NMJs were counted per animal. Quantification was done blinded to genotype.
Patient data on entrapment neuropathy. Twenty patients who were diagnosed and operated for CuTS and who were followed up for more than 2 years were evaluated for sensory and motor functional recovery. Sensory recovery on the distal phalanx of the little finger was evaluated using Semmes Weinstein monofilament testing and 2-point discrimination test. Symptoms, such as paresthesia, numbness, weakness, and the duration from the initial symptoms to operation were also noted. For motor recovery, each patient was examined preoperatively and postoperatively for the muscle power of flexor carpi ulnaris muscle, flexor digitorum profundus muscle of the ring and little finger, abductor digiti minimi muscle, and the first interosseous dorsalis muscle [IOD(1)] using manual muscle testing. Eleven patients went under surgery with complete denervation of IOD(1) muscle. The relationship between the duration of the symptoms and the recovery of both sensory and motor function after 24 months from operation was analyzed.
One hundred and thirty-six patients operated for CTS with a follow up of at least 6 months were evaluated for functional recovery. The patients were asked whether they considered themselves cured, improved, unchanged, or worsened for their sensory recovery. For motor recovery, the abductor pollicis brevis muscle (APB) was evaluated. Thirteen patients were operated with complete denervation of the APB muscle. The duration from onset to surgery was compared between patients with or without APB recovery.
Statistics. Data are presented as mean ± SEM. Student's t test (2 groups) and 1-way ANOVA with post-hoc Newman-Keuls test (>2 groups) were used to detect statistical differences. Animal behavior data were analyzed by 2-way repeated measures ANOVA, with post-hoc Bonferroni analysis between groups where appropriate.
Study approval. The animal study was reviewed and approved by Children's Hospital Boston. The patient study was reviewed and approved by the Institutional Review Board of Hamamatsu University School of Medicine. Patients provided informed consent prior to their participation in the study.
